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Abstract 
Using the energetic and entropic approach, the author studies the conceptual issues of the qualitative analysis of the current state 
and the forecasting of the future development of the phenomena scenario in the natural engineering system “natural environment-
waterwork unit-population”, related to the water resource management. 
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The nature protection legislation obliges to follow the ecological and economic justification in constructing 
enterprises, civil buildings and other structures in the territory of the Russian Federation. Such justification has to be 
preceded by making the decision on investing the project implementation. However, the calculation of the project 
efficiency is not sufficient in the case of waterworks units like reservoir hydro-systems and other hydraulic 
engineering structures. The management strategy is important at a certain level of the reliability and safety that it is 
rather difficult to be achieved in the implementation as there is a probabilistic component, namely, the imperfection 
of the hydrological forecast. There is one more alarming component for the operating waterworks units, i.e., service 
life which significantly exceeds the design life. How to estimate a real condition of the unit without destroying it? 
What system of measures has to be arranged to improve the parameters of the reliability and safety of a waterworks 
unit to the required level? 
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The existence of waterworks units in the area of basin geo-systems makes certain changes to the natural 
processes of correlation, interrelation, and interaction, natural (biotic and abiotic) components, in particular to the 
processes of a river flow (superficial and underground). 
Proceeding from the findings of the water management systems studies the author is proposing the energetic and 
entropic approach to the assessment of the influence of  a reservoir on the environment which is based on the nature 
laws and the principles of the sustainable development (functioning) of the natural engineering systems “Natural 
Environment-Waterworks Unit-Population” (NES NE-WU-P), taking into account the vital and necessary needs of 
the people, living in the influence areas of waterworks units [4, 6]. 
In a system aspect, the reason of different problems and crisis situations in the functioning of the NES “NE-WU-
P”, e.g., where the influence area is a reservoir hydro-system, is the unbalance in the interaction of the separate 
components in this system. The power conservation law is applied to studying the processes of the correlation, 
interrelation, and interaction of a reservoir with the natural components of the environment which allows to consider 
such a system as a complete, dynamic, and a steadily unbalanced system, having an isomorphism feature at all 
levels. 
In terms of the power conservation law, the unstable balance in the NES “NE-WU-P” under study is overcome by 
shifting to other, qualitatively new level of the functional development with the expansion of space-time borders. 
The emergencies when a reservoir is overflowed and as a consequence water spills over a dam, the waterfront is 
destructed and the system gets new space-time borders or the reservoir area is fully covered by silt can be examples 
of the unstable balance for the NES “NE-WU-P”. 
It should be noted that not only “stiff and invariable” things but also a tendency can remain unchanged, e.g., the 
tendency of the changes, occurring in a system. So, if the tendency of changing remains within a certain period of 
time of the reservoir operation, it is possible to speak about the regular pattern of the sustainable development or 
functioning of this unit. Moreover, if the analytical relation between this rule and the conservation laws is 
determined, such regularity will acquire the status of the law of movement or change. 
In the processes of the correlation, interrelation, and interaction between natural and technogenic components in 
the NES “NE-WU-P” the apparent power conservation law (Napp) acts as a uniting beginning according to which 
any change of net power (P) is compensated by the change of loss power (G): 
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The “Reservoir-Environment” system (see Fig. 1) combines two linked continuously running processes, which 
are the active influence of the environment within the basin geo-system on the formation of the reservoir energy 
potential and the influence of the power potential, received by a reservoir, on the environment in the areas of 
influence of this technogenic object.
 
Fig. 1.  The energy balance of the “Reservoir-Environment” system 
 
The environment transfers the energy flows to a waterworks unit which generate the input apparent power or the 
system potential: 
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The resources, accumulated in a reservoir, are used within a time period of a year ( ɉW = 1 year) under 
implementing the functional design tasks. A reservoir, consuming the apparent power (Ɋ) during the time period ( 0W
= 1 year) performs its functional tasks and influences the environment, losing a definite amount of power flow ( )G , 
apparent power (Napp) at the input of the system, which can be calculated by using the following formula:
tan( )app sun water subs ceN N N N     (3) 
where Nsun means the power of the solar radiation, which is determined in relation to the radiation intensity, 
absorbing by the surface of a stream flow (river) with a reservoir under the background consideration.
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Thus, the NES “NE-WU-P” in the basin geo-system of a water body produces certain changes to the processes of 
the correlation, interrelation, and interaction of the natural components which are characterized by dissipative and 
anti-dissipative processes in the energetic and entropic context. If some changes take place in the environment, 
surrounding a reservoir, which have a tendency of growing dissipative processes, it may show the negative influence 
of a technogenic object on the environment and human vital interests. Such changes are accompanied, as a rule, by 
the recession of the ecological safety level in the areas of the waterworks unit influence.
It should be also mentioned that in general all complex systems as the NES “WU-P”, including the areas of the 
waterworks unit influence, have the same features and function according to the second law of thermodynamics [1]. 
However, the statement that any system steadily only degrades, can be disproved by the fact that in the nature the 
processes of the self-organization and consequently regularity growth are observed. It is proved by theoretical 
studies of Lars Onsager, Ilya Prigozhin [2], etc. who supported the universality of the second thermodynamics law. 
In the strict sense the second law of thermodynamics is only applied to balanced systems when the weight, energy 
and configuration of a system do not change or have ceased changing. As for the NES “NE-WU-P” under 
consideration the changes occur both in such environments as atmosphere, hydrosphere, geological environment, 
soil cover and in waterworks units which are operated more than a decade. If the second law of thermodynamics is 
universal as it is stated by the contemporary studies in the theory of thermodynamics, it can be used for studying this 
class of the NES “NE-WU-P”, representing local spatial limits of the environment, the borders of which are set by 
the areas of the waterworks units influence [2]. In this case the issue arises how the second law of thermodynamics 
acts in the NES “NE-WU-P”, which is considered in this paper.   
In the open natural systems with the processes of correlation, interrelation, and interaction between biotic and 
abiotic components, continuously receiving solar energy, the diverse ecosystems within basin geo-system are 
evolving. In the NES a waterworks unit makes some certain changes to natural processes of the environment that 
can cause both degradation and balanced interaction between a waterworks unit, environment and population which 
is characterized by the dynamic balance. The second law of thermodynamics explains why the order of the balanced 
states cannot be irreversible and why the system cannot recover, e.g., to the moment of the introduction of a 
waterworks unit, without deriving a certain amount of energy from the environment as reconstruction measures. The 
second law of thermodynamics introduces the concept of entropy (S) as irreversibility. Entropy is a measure which 
growth rate causes the intensity of energy form transformation [4]. The growth rate of entropy enables to define the 
direction of the system evolution which is an integral part of the change and conservation. The entropy growth rate 
in any system is retarded by continuous and effective dispersion of easily used energy (energy of sun, food, etc.) that 
is transformed into the energy of the most stable form - warmth. Entropy usually is considered as a degree of system 
disorder, but in the reality it can be misleading. On the basis of the results of the studies, conducted in NELRI it is 
rational to mark out that the structure of the NES “NE-WU-P” comprises such forming components as natural and 
technogenic ones within the areas of the waterworks unit influence. So, climate characteristics, the surface layers of 
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the atmosphere, flora, fauna, a hydrographic network in which the flow is formed (superficial and underground), 
geological environment of the top layers of the lithosphere, a waterworks unit as a central component of the 
considered system, and the population which lives in the areas of the waterworks unit influence in the complex 
NESs are considered as natural and technogenic components and separate subsystems. Therefore, the type of the 
studied NES “NE-WU-P” is based on eight major components divided into separate elements which number in 
every component depends on the current tasks.
These elements of natural and technogenic components are studied as subsystems of a lower hierarchical level. 
For convenience the complex and collective properties of the components in the NES “NE-WU-P” are called 
integral or supporting, and their quantitative assessment - integrated characteristics of the corresponding parameters. 
The structure which reflects a great amount of links and interactions between the components and their elements, 
having essential significance for the transformation of the energy forms within the system, e.g., the energy of a 
water stream into electricity, is thought to be an important characteristic of the NES “NE-WU-P”.
In terms of the NES “NE-WU-P” entropy characterizes the degree of the condition of structural components 
(biotic, abiotic and technogenic components). A waterworks unit influences each structural component of the 
environment in different ways therefore the energetic and entropic condition is diverse. The condition of some 
structural components and their elements in the  NES “NE-WU-P” under study is defined by the entropy level and 
balanced correlation between free (ȿf) and bounded (ȿb) parts of energy, which is expressed by a coefficient of 
performance (COP - Ș) as follows:
/  1f tȿ ȿK  d ,   (5) 
where ȿt  is a total flow of the energy, coming to the system.   
– .t f bȿ ȿ ȿ   
In a qualitative aspect, the higher entropy degree is, the more separate elements and structure components of the 
NES “NE-WU-P” may have the tendency of disorder growth and thereafter bounded energy (Eb) which causes the 
decrease of their functional safety, expressed by the COP of using qualitative free energy (ȿf), e.g., the energy of the 
water flow at a hydroelectric power station and so forth. 
The entropy of the NES “NE-WU-P” is defined by a number of various micro-conditions of the considered 
separate elements and structural formations in the form of the natural and technical components which correlate with 
to a certain micro-condition of the system in the space limits of the considered basin geo-system. In mathematical 
aspects entropy is a multiplication of a number of micro-conditions (mmic) by the logarithm of this number. The 
changes, occurring in the NES “NE-WU-P” under the influence of the transformation of energy forms are followed 
by the entropy growth as the COP - Ș = Ef/Et is always less than 1 (one) because the previous condition differs from 
the present one, i.e. the running processes have the direction that creates the “time arrow”. 
COP - Ș = ȿf/ȿt  
The entropy change in unbalanced systems and correspondingly in the studied NES “NE-WU-P” is determined 
by Iliya Prigozhin’s well-known equation [2]: 
,
dt
diS
dt
deS
dt
dS  
   (6) 
where dS is an overall change of the entropy in the system in a period of time dt; 
   diS - change of the entropy, caused by the irreversible processes inside the system or entropy production; 
   deS - entropy, imported from the environment. 
According to the second law of thermodynamics, diS is always positive and deS can be both a positive and 
negative value. 
Generally, the irreversible changes of diS in the NES “NE-WU-P” are related to the flows dx of solar energy or 
substances dN (a liquid, solid flow, etc.) during dt. Then, the diS entropy change can be presented as follows: 
1865 V.L. Bondarenko and E.A. Semenova /  Procedia Engineering  150 ( 2016 )  1861 – 1866 
diS F dx      (7) 
where F means generalized (thermodynamic) force, which is expressed as a function of variables, namely, 
temperature, relative humidity, concentration of substances, water pressure, etc.  
In terms of the studied NES “NE-WU-P” the combined irreversible processes are presented as a sum of all the 
changes, produced by the flows dx that can be expressed by the following formula: 
 0F dxdiS  ¦  t  or  0,FdiS deS
dt dt
 t¦   (8) 
The general form of this formula reflects the second law of thermodynamics where the entropy of the system is 
defined by multiplying force F by flow J dx
dt
  in every irreversible process. 
The methods of studying internal processes of the NES “NE-WU-P” are based on the theory of open systems 
which has been formulated in the second half of the 20th century by I.R. Prigozhin [2]. Proceeding from the 
conception of the processes irreversibility, the theoretical fundamentals of unbalanced nonlinear thermodynamics 
were developed in which the concept of closed systems was replaced by essentially alternative basic concept of an 
open system, being able to exchange substances, energy and information with the environment. 
By reference to the above mentioned facts, the flows of energy and an internal energy state of the NES “NE-WU-
P” define the level of the unit entropy [1, 4]. So, one of the components is reliability, the parameter which is the 
most important for designers and operators. The reliability level of a separate structure element or a structure as a 
whole depends on a set of factors, which nature features differ. The major basic factor is the construction material 
with its physical and mechanical characteristics which are shown during the interaction between a structure element 
or a structure with the external flows of energy influence. In this manner, the reliability should be understood as 
storage of the internal energy of the resistance to the combined influences of the energy flows on separate structure 
elements and a structure. The energy, accumulated in the structure elements in the course of functional operation, is 
transformed. The balance of the energy, accumulated in a structure, determined by tensions and energy flows, which 
in their turn are defined by the operating loadings, is expressed, using the law of energy conservation [5]: 
1
j N
j
i i j
j
E K
 
 
 ¦ A   (9) 
where Ei – energy forms 1, 2, 3,…n, coming to a unit, 
   jl  - energy forms 1, 2, 3,…n, accumulated in the structure and
   jiK  - conversion coefficient, indicating the correlation between coming energy of the type “i”  and the 
accumulated energy of the type “j”.  
The quantitative values of the tension and loading of the structure elements and structures as a whole are 
calculated using well-known calculation methods, recommended by the effective construction norms and 
regulations.
The safety, for example, of a water retaining hydraulic engineering structure is assessed at three main 
components (ecological, technical and social-demographic) in the periods of construction and operation.
The ecological safety depends on the level of the imbalance, brought by a waterworks unit to the processes of the 
movement (exchange) of flows of substance, energy and information to the various hierarchical levels of the 
ecosystems within the basin geo-system of a water body.
The technical safety of a waterworks unit is defined by the risk level (R) of emergencies at structures and is 
classified in hydrological, hydraulic, constructive, filtrational, and river bed forming types, which are studied 
separately, and their integrated combination makes the general level of hydro-system safety [3].
 The level of social discomfort of the population, living in the area of the waterworks unit influence specifies the 
social and demographic safety.
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The experience shows that the solution of social and environmental problems in using a natural technical system 
often requires taking measures, aimed at reducing the efficiency and reliability parameters of a waterworks unit, 
e.g., the increase of the volume of water, passing to downstream pool to guarantee a water supply, or on the contrary 
increase of water level in a reservoir to critical volumes to minimize the volume of a flood flow in a downstream 
pool. At the same time the requirements for social and ecological safety may contradict the requirements for the 
reliability and efficiency of a waterworks unit and its further operation may become economically unprofitable.
To develop the trend of the sustainable development (operating) of a waterworks unit as a part of the NES “NE-
WU-P” the optimization criteria, based on the minimization of life-cycle cost 1I , economic effect 2I ,  production 
price 3I , and cost efficiency 4I  are used:
1
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 where K is expenses of a reservoir hydro-system construction, 
   M means current operating expenses on the maintenance of the reservoir hydro-system operation, 
           D stands for the income, drawing from the reservoir hydro-system operation,  
           C represents the production value, and 
           P- profit. 
It is important to support the sustainable development and ensure by the development the maintenance of the 
natural processes, dominating in the transformations of energy forms over the technogenic processes of correlation, 
interrelation and interaction between a waterworks unit and environments in the areas of its influence. 
Conclusions 
In terms of science and practice the author has studied the principles of the energetic and entropic approach to the 
assessment of the influence of a waterworks unit on the environments which allow more objectively analyze the 
current ecological condition and anticipate the future development of the possible scenarios of events in the NES 
“NE-WU-P”, operating or being built. It can be proved by the example of the hydraulic engineering structures of 
Zelenchuk hydro-power station and pumped storage hydro-power station, being built in the basin geo-system of the 
Upper Kuban River in the territory of the Karachay-Circassian Republic (Russian Federation). 
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